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[57} ~ ABSTRACT

An amplifying circuit comprises a differential amplifier
receiving input signals and having first and second out-
put connections to which the input and output connec-
tions of a current amplifier respectively connect. A
transistor receives signals at its gate from the second
output connection of the differential amplifier and has a

capacitor connected between its input and output elec-

trodes. A feed-forward circuit, responsive to signals at
the first output connection of the differential amplifier, |
develops a feed-forward signal which is applied to the
output electrode of the transistor and poled so as to
reinforce the signals thereat. The feed-forward signals
tend to cancel signals conducted through the capacitor
at high frequenmes where the tran31stor exhibits Te-
duced gain. |

9 Claims, 1 Drawing Figure"
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OPERATIONAL AMPLIFIER WITH
FEED-FORWARD COMPENSATION CIRCUIT

The present invention relates to operational amplifi-
ers and, in particular, to those employing a feed-for-
ward circuit to modify thelr voltage gain-frequency
characteristics.

Because operational amplifiers are often employed
with a feedback connection between the output and at
least one of their inputs, it is desirable that their gain and
phase characteristics as a function of frequency be well
controlled, for example, to avoid undesired oscillations.
To the latter end, it is specifically desirable that the gain
of the amplifier decrease at a uniform rate, typically
—20 dB per decade (—6 dB per octave), as frequency
increases. One convenient way to achieve that result in
an inverting amplifier is to connect a capacitance be-
tween its input and output terminals. Unfortunately, at
hlgher frequencies, where the impedance of the capaci-
tance is low, input signals will “feed-forward” from the

input terminal of the inverting amplifier to its output

terminal. As a result, the amplifier effectively behaves
as a non-inverting amplifier at those higher frequencies
and the phase-frequency characteristic of the opera-

tional amplifier is undesirably modified so as to reduce

its stability and thereby make undesu'able esmllatlons
possible.

One approach to avmdmg such undes:rable feed-for-
ward of signal is to couple signals at the output terminal
of the inverting amplifier to the capacitance through a
follower-type amplifier, such as a source-follower con-
figured field-effect transistor (FET) amplifier. So that
the follower-type amplifier will apply a faithful repro-
duction of the output signal of the inverting amplifier to
the capacitance, it is often necessary that the follower-
type amplifier be biased to operate at a substantial quies-
cent current. This undesuably results in additional
power consumiption in the operational amplifier. An
example of that approach is described by Y. P. Tsividis
et al, “An Integrated NMOS Operational Amplifier
with Internal Compensation”, IEEE JOURNAL OF
SOLID-STATE CIRCUITS, Vol SC—ll ‘No. 6, Dec.
1976, pp. 748-53.

An amphfylng circuit according to the present inven-
tion comprises a differential amPllﬁer having first and
second input terminals for receiving input signals there-
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way of example as resistor R. Amplifier 10 receives
relatively positive operating potential 4+ V pp at supply
terminal 18 and receives relatively negative operating
potential —Vgs, which may be a reference petential
such as ground, at supply terminal 20.

- N-channel field-effect transistors (FETs) and N1 and
N2 are connected as a differential amplifier DA1 receiv-
ing input signals from terminals 12 and 14 at their re-
spective gates and supplying output signals at their
respective drains. The drain-source conduction path of
N-channel FET N4 is connected between the respec-
tive sources of N1 and N2 and supply terminal 20 for
supplying a constant operating currrent to DA1. It is
preferred that the constant current supplled by Ndbeof
sufficient magnitude that the FETs in amplifier 10 are
biased to operate in the strong inversion (high current)
region rather than in the weak inversion (very low
current) region. That preference permits substantial
current to be supplied to load R. N4 cooperates w:th
FET N3 as will be explained below.

A current amplifier, shown by way of example as
current mirror amplifier CMA1, includes P-channel
FET’s P2 and P3. The sources of P2 and P3 serve as the
common terminal of CMA1 and connect to supply ter-
minal 18. Their respective drains serve as the input and
output connections of CMA1 and respectively connect
to the drains of N1 and N2 for recetving signals there-
from. The potential at the input connection of CMA1 at
the drain of N1 is applied to the respective gates of P2
and P3 to condition them for conduction.

P-channel FET P1 is connected as a common-source

“amplifier with its source connected to receive operating

potential 4+ Vpp, its gate connected to receive input
signals from the drain of N2, and its drain connected to
provide output signals to output terminal 16. FET P1

~ serves as an inverting amplifier. Capacitance C is con-
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between and having first and second output connections

for supplying respective signals responsive to the input
signals. An inverting amplifier has a common electrode
connected to receive operating potential, an input elec-
trode to which signals at the second output connection
of the differential amplifier are coupled, and a capaci-
tance coupled between its input and output electrodes.

A feed-forward circuit develops a feed-forward signal
in response to the signal at the first output connection of

50

nected between the drain and source of P1 to cause the
gain-frequency characteristic of amplifier 10 to change
at a uniform rate as described above. I |

As thus far described, amplifier 10 is ‘susceptible to
the undersirable effects resulting from the uncontrolled
feed-forward of signal through capacitance C as de-
scribed in the introduction hereof. |

To circumvent those problems, feed-forward circuit
30 is introduced to develop a feed-forward signal re-

- sponsive to the signal at the drain of FET N1 and sup- "

ply that feed-forward SIgnal to the drain of FET P1.
That feed-forward signal is of opposite polarity sense to
the signals developed by P1 at its drain so to remforce

them as will be described later. ~ L
Specifically, P-channel FET P4.is connected as a
common-source amplifier with its source connected to

| -operatmg potential +Vpp, its gate connected to re-

35

the differential amplifier and supplies the feed-forward

signal to the output electrode of the inverting amplifier.
The feed-forward circuit is poled for making the feed-
forward signal reinforce signals developed by the in-
verting amplifier at its output electrode.
- The sole FIGURE of the drawing is a schematlc
dlagram of an embedlment aeeerdmg to the present
invention. |

- Operational amplifier 10 has mvertmg lnput terminal
12 and non-inverting input terminal 14 at which input
signals are received, and has output terminal 16 from

which output signals are conducted to a load, shown by

60

- celves operatmg potential o
- of NS is applied to the gates of NS and N6 to condition

them for conduction.
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‘ceive signal from the drain of N1, and its drain con-

nected to supply signal to CMA2. CMA2 includes N-
channel FETs N5 and N6 are connected in conven-
tional current mirror amplifier form. CMA2 has an
input connection at the drain of N5 for receiving input

signal from the drain of P4, and has an output connec-

tion at the drain of N6 for supplying the feed-forward

signal to the drain of P1. The sources of NS and N6

serve as the common connection of CMA2 which re-
—Vgs. Potential at the drain

It is understood that P4 can also be cons1dered asa
further output circuit associated with CMAL In that

. sense, CMA1 employs P2 as an input or master transis-
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tor, and employs P3 and P4 as respective output or
slave transistors each of which supplies from its respec-
tive drain a current proportional to that conducted by
P2.

The manner in which the signal reinforcement at
output terminal 16 obtains is as follows. In response to
differential signals applied between input terminals 12
and 14, differential signals are generated at the respec-
tive drains of N1 and N2. Those signals are of opposite
sense with respect to each other, i.e. as one 1s increasing,
the other is decreasing. For the purpose of description,
the signal at the drain of N1 is designated as the “in-
phase’ signal and that at the drain of N2 is designated as
the “out-of-phase” signal. Common-source amplifier
transistor P1 receives out-of-phase signal at its gate and
supplies an in-phase signal at output terminal 16. Being
an inverting amplifier, P4 receives in-phase signal at its
gate and supplies an out-of-phase signal at its drain.
That out-of-phase signal is applied to output terminal 16
by CMA2 which introduces a polarity inversion so that
its output signal is again an in-phase signal. Thus, the
signals from both P1 and N6 at output terminal 16 are
both in-phase and so will reinforce.

At higher frequency the in-phase signal supplied by
P1 diminishes and the out-of-phase signal from the drain
of N2 couples directly to output terminal 16 through
capacitance C. That out-of-phase signal coupled
through C is opposed by the in-phase signal supplied
from feed-forward circuit 30 and tends to be cancelled
thereby. It is understood that feed-forward circut 30
provides a feed-forward signal that has a magnitude less
than that of the signal supplied by P1. That 1s so because
the resistance exhibited at the interconnection of the
drains of N1 and P2 is relatively smaller than that exhib-
ited at the interconnection of the drains of N2 and P3.
The principal reason therefor is that the drain-source
resistance of diode-connected transistor P2 is substan-
tially lower than the drain-source resistance of com-
mon-source amplifier-connected transistor P3. Desir-
ably, the feed-forward signal is of similar magnitude to
the signal coupled to the drain of P1 through capaci-
tance C at higher frequencies. As a result, signals at
output terminal 16 tend to retain their in-phase sense
owing to the signal supplied by N1. Thus, the undesir-
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able phase reversal which would occur as a result of 45

signal being conducted through capacitor C is avoided.

By way of modification to amplifier 10 as thus far
described, P-channel FET PS5, having its drain and
source connected to like electrodes of FET P4 and
having its gate connected to the gate of P1, can be
included when it is desired to further diminish the mag-
nitude of the feed-forward signal. P§ receives out-of-
phase signal at its gate and supplies in-phase signal from
its drain that is smaller than, and combines with, the
out-of-phase signal from P4. Because signals from P4
and P35 oppose each other, the net out-of-phase signal
applied to CM A2 is smaller than it would otherwise be.
A specific construction of P5 so that its drain signal 1s
smaller than that of P4 is explained below.

>0
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In addition to beneficially controlling the phase of 60

signals at output terminal 16 in response to differential
input signals, feed-forward circuit 30 also improves the
common mode rejection characteristic of amplifier 10
as follows. A common-mode signal is the instantaneous
algebraic average of two signals which are referred to a
common reference. By comparison, a differential signal
is the instantaneous, algebraic difference between two
signals. Common-mode rejection is desirably maxi-
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mized when differential gain is maximized and com-
mon-mode gain is minimized. FET N4 supplies constant
current substantially unaffected by the common-mode
voltage at terminals 12 and 14 to the source intercon-
nection of N1 and N2 of DAL1. Thus, the operating
currents of DA1, as well as those of the remainder of
amplifier 10, are unaffected by that common-mode volt-

age. As a result, amplifier 10 is substantially unrespon-
sive to common-mode signals and so exhibits low com-

mon-mode voltage gain. Due to feed-forward circuit 30,
amplifier 10 exhibits a lower gain in response to com-
mon-mode input signals applied at input terminals 12
and 14 that it otherwise would. This obtains as follows.

Assume a common-mode input signal which in-
creases towards the potential +V pp. In response, the
respective potentials at the drains of N1 and N2 will
decrease towards potential —Vgs because N1 and N2
become more conductive. The decreasing drain poten-
tial of N2 appears as increasing gate-source potential at
P1 causing it to become more conductive so that the
potential at the drain of P1 tends to increase towards
+Vpp. Slmllarly, the decreasmg potential at the drain
of N1 appears as increasing gate-source potential at P4
causing it to become more conductive so that the poten-
tial at the drain of P4 increases towards -+ Vpp. That
increasing potential causes FETs N5 and N6 to become
more conductive which in turn causes the potential at
the drain of N6 to decrease towards the potential
—Vgs. Therefore, because P1 is tending to increase the
potential at output terminal 16 and N6 is tending to
decrease that potential, the net result will be a dimin-
ished potential change at output terminal 16.

So that high differential gain may obtain and so that
little additional current consumption will result from
feed-forward circuit 30, the respective conductive
channels of the various FETs can be selected of prede-
termined size. In FETs, the width-to-length (W/L)
ratio of their conductive channel is related to its trans-
conductance. In the FIGURE, the respective relative
width-to-length ratios of the FETs are indicated by the
encircled characters approximate to the source elec-
trodes of each FET; P2 and P3 are designated as untit-
ratio FETs for purposes of description. So that high
gain may obtain, FET P1 is of conductive channel ratio
“P» which is desirably selected to be greater than unity.
N6, which also serves as a current-sink for the quiescent
current of P1, is likewise of channel ratio “p”. So that
little operating current will flow in the serially con-
nected drain-source paths of P4 and NS§, they can be
selected to have conductive channel areas “m” which
are desirably less than unity. FET PS$ is constructed
with W/L ratio *“n” where “n” is a value much smaller
than “m”. For example, SO that the net signal at the
interconnection of the drains of P4 and P§ will be out-
of-phase as described above, it is desirable that the in-
equality n=m/p be satisfied. PS5 is therefore a small
device and has insignificant effect on the overall operat-
ing current consumption of amplifier 10.

The approximate values p=2 and m=1/3 were
found to provide satisfactory operation. It is noted that
such re]atwely small values for the ratio *“m” will re-
quire minimum additional chip area for P4 and PS when
amplifier 10 constructed as an integrated circuit,
thereby not significantly increasing the overall chip
area. In the constructed circuit, transistor N1 and N2
had relative W/L ratios of unity. Further, each of the
four FETs N1, N2, P2 and P3 were constructed as a
pair of transistors (eight transistors in total) connected
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in parallel, and were physically arranged on the inte-
grated circuit chip in an inter-digitated arrangement so
as to operate at susbstantially the same temperature. As
a result, differences in their respectively gate-source

potentials owing to differences in their operating tem-

peratures are beneficially reduced so that amplifier 10 -

will require a substantially smaller potential to be ap-

plied between terminals 12 and 14 to establish a bal-

anced condition in DA1 at which N1 and N2 conduct

substantially equal pcrtlcns of the current supplled by
N4.

Modifications to the present invention as deﬁned by;

.w_.

the following claims are contemplated to be within the

scope of the present invention. For example, operating -
current supplied to DA1 by FET N4 may be controlled 5
to obtain particular characteristics for ampllfier 10. To =~

this end, N-channel FET N3 is connected in current- = -

mirror ampllfier ccnﬁgnratlcn with N4 to be responsive

to programming signals applied at control terminal 22.

Those control s1gnals can be varied to control the quies- 2 0

cent cperatmg point of amplifier 10 so as to control 1ts
gain and its bandwidth. |
In the constructed circuit referred tc above the fol-

lowing values were satlsfactcry

FET - W/L Ratio

N1, N2, P2, P3 - 2each @ 12.4 = 24.8
P1, N6 o 50

P4 o S 43

N3 | | | R 4

N5 5

and C was 4 plccfdrads

What is claimed is:
1. An amplifying circuit including:

‘input terminals for receiving input signals therebe-

tween, and having first and second output connec-

tions for supplying respective signals thereat, each
of which signals includes a quiescent current por-
tion and a portion responsive to said input signals,
said differential amplifying means including
constant current generating means for supplymg sald
qnlescent current; |

current mirror nmphfylng means havrng 1npnt and
first output connections to which said first and

second output connections of said differential am-

— 25
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differential amplifying means having first and second
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plifying means respectively connect, and havrng a .

common connection connected for receiving oper-
ating potential; | -

a first transistor having input and output electrcdes,
and having a common electrode connected to re-

_ceive said operating potential;
capacitance means connected between the input and
output electrodes of said transistor; and - |
means for coupling signals at the second output con-
nection of said differential amplifying means to the
input electrode of said first transistor; whereln the

improvement comprises:
a further output connecton of said current mirror

amplifying means, the current supplied by said
further output connection being of lesser magni-

tude than the current supplied by ﬁrst output con-
nection thereof; | |

further current mirror ampllfylng means hawng an
input connection to which the further output con-
nection of said current mirror amplifying means
connects, having an output connection connected

“to the output electrode of said first transrstcr and

6

~having a common connection connected fcr re- |

‘ceiving a reference potential; and

a second transistor of like conductivity type to that of
~ said first transistor, having an input electrode to
_ which signals at the second output connection of
' said differential amplifying means are coupled
- having a common electrode connected to receive
- said operating potential, and having an output.elec-
*trode connected to the further output cnnnectlcn' ;
“of said current mirror amphfylng means. - .
2. The amphfylng circuit of claim 1 whereln sald-

current mirror amplifying means comprises: |
thll‘d and fourth transistors of like conductivity type
. so that of said first transistor, having respective
= output electrodes connected to the input and out-

. 'means, respectively, having respective common
" "electrodes connected to‘the common connection
thereof, and having respective input electrodes;

means for applying a potential responsive to that at
- the input connection of said current mirror ampli-

- fying means to the respectlve input electrodes of

~said third and fourth transistors to condition them
for conduction; and whereln sald further cutput
| ccnnectlcn comprises; = |
a fifth transistor of like ccnductlwty type to that of
said first transistor, having input and common elec-
trodes respectively connected to the input and

common electrodes of said third transistor, and

having an cu'tput electrode serving as the further

output connection cf said current rmrrcr amphfy— .

Ing means.

3. The amplifying circuit of clalm 1 or 2 wherein said
further current mirror amphfylng means Comprises:
sixth and seventh transistors of complementary con-

ductivity type so that of said first transistor, having
- respective output electrodes connected to the input

and output connections of said further current mir-
ror amplifying means, having respective common
electrodes ccnnected to the common connection

. thereof, and | | |
- means for applying a pctentlal reSpcnswe to that at
the input connection of said further current mirror
amplifying means to the respective input electrodes
of said sixth and seventh transrstors to ccndltlcn
them for conduction. | -
4. The amplifying circuit of claim 2 wherein said ﬁrst
second, third, fourth, and fifth transmtors are of field--

~effect type.

5. The amplifying c1rc111t of claun 4 wherein said

third and fourth transistors have respectwe conductive
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channels of a first width-to-length ratio, and wherein

‘said first transistor has a conductive channel of W1dth-

to-length ratio larger than said first ratio.
6. The amplifying circuit of claim 5 wherein sald fifth

transistor has a conductive channel of wrdth—tc-length-_

ratlc smaller than said first ratio. |
7. The amplifying circuit of claim 4 whereln said first,

second and fifth transistors have respective conductive

channels of width-to-length ratios of p, n and m, respec-

- tively, said ratlos betng selected so that n is less than m

60

‘divided by p.

8. The ampllfylng Cll‘Clllt of clann 7 wherem said
further current mirror amplifying means exhibits a cur-

" rent gain ratio substantially equal to p divided by m.

65

than sald first ratio.

9. The amplifying circuit of claim 2 wherein said fifth -
transistor has a conductive channel of a first width-to-
length ratio, and wherein said second transistor has a -

conductive channel of a wrdth-tc-length ratlc smaller

ok % ok xR

" put connections of said current mirror amplifying
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